Topsoil conditions in temperate forests are influenced by several soil-forming factors, such as canopy composition (e.g. through litter quality), land-use history, atmospheric deposition, and the parent material. Many studies have evaluated the effects of single factors on physicochemical topsoil conditions, but few have assessed the simultaneous effects of multiple drivers. Here, we evaluate the combined effects of litter quality, land-use history (past land cover as well as past forest management), and atmospheric deposition on several physicochemical topsoil conditions of European temperate deciduous forest soils: bulk density, proportion of exchangeable base cations, carbon/nitrogen-ratio (C/N), litter mass, bio-available and total phosphorus, pH KCl and soil organic matter. We collected mineral soil and litter layer samples, and measured site characteristics for 190 20 × 20 m European mixed forest plots across gradients of litter quality (derived from the canopy species composition) and atmospheric deposition, and for different categories of past land cover and past forest management. We accounted for the effects of parent material on topsoil conditions by clustering our plots into three soil type groups based on texture and carbonate concentration. We found that litter quality was a stronger driver of topsoil conditions compared to land-use history or atmospheric deposition, while the soil type also affected several topsoil conditions here. Plots with higher litter quality had soils with a higher proportion of exchangeable base cations, and total phosphorus, and lower C/N-ratios and litter mass. Furthermore, the observed litter quality effects on the topsoil were independent from the regional nitrogen deposition or the soil type, although the soil type likely (co)-determined canopy composition and thus litter quality to some extent in the investigated plots. Litter quality effects on topsoil phosphorus concentrations did interact with past land cover, https://doi
Introduction
Forest soils play a key role in global biogeochemical cycles, are important indicators of forest ecosystem health and productivity, and essential for maintenance of global biodiversity (Lukac and Godbold, 2011; Schoenholtz et al., 2000; Smith et al., 2015; Weil and Brady, 2017) . Jenny (1941) proposed that soils develop through the interplay of five "soilforming factors": three passive factors time, parent material, and topography, and two active factors climate (i.e. temperature and moisture), and organisms (i.e. microbes, vegetation, animals, man [sic] ). The combined impact of these different factors determine the physical (e.g. bulk density) and chemical (e.g. pH) variables that characterize each forest soil (Jenny, 1941; Schoenholtz et al., 2000; Weil and Brady, 2017) .
The relative importance of the different soil-forming factors remains debated (Cools et al., 2014; Cornwell et al., 2008) . At the same time, some of the active factors are changing because of anthropogenic activities. Namely, European forests and thus their soils are not only undergoing climatic changes (Lindner et al., 2014) , they have often undergone severe landuse changes, i.e. both in land cover (e.g. forests on previous agricultural land) and in forest management system or intensity (e.g. abandonment of coppice management) (i.e. man sensu Jenny (1941) ) Foster et al., 2003; Gimmi et al., 2013; Glatzel, 1999; McGrath et al., 2015) . As part of these land-use changes, canopy composition (i.e. vegetation) in European forests has often changed markedly (Leuschner and Ellenberg, 2017; McGrath et al., 2015) . For instance, a substantial share of the natural deciduous vegetation was replaced by coniferous tree species in the past centuries in Central Europe (McGrath et al., 2015) . Finally, European forest soils have faced increased levels of atmospheric nitrogen and sulphur deposition during the 20th century (Laubhann et al., 2009 ), which we consider here as an additional (active) soil-forming factor not yet considered by Jenny (1941) .
These changes in climate, deposition, land use, and canopy composition can alter soil formation processes and thus the physicochemical soil conditions Fraterrigo et al., 2005; Glatzel, 1991; Prévosto et al., 2004) . Most of these factors are thought to affect mainly the uppermost part of soils (ca. 0-20 cm deep), further referred to as the "topsoil" here. Several studies have already investigated how these factors are individually affecting topsoil conditions in Europe. For instance, many studies attributed soil eutrophication and acidification effects to increased nitrogen and sulphur deposition across Europe (Hédl et al., 2011; Jandl et al., 2012) . Other studies demonstrated that forest soils on previous agricultural land typically have a higher bulk density, pH, phosphorus levels and exchangeable base cations, and lower carbon stocks and C/N-ratios than ancient forest soils Compton and Boone, 2000; Falkengren-Grerup et al., 2006; Holmes and Matlack, 2018; McLauchlan, 2006; Prévosto et al., 2004; Verheyen et al., 1999) . Effects of (past) forest management on topsoil conditions might be more subtle and are less understood, with differing results across studies (Fraterrigo et al., 2005; Hölscher et al., 2001; Ringeval et al., 2017; Šrámek et al., 2015; Thiffault et al., 2011) . Particularly interesting and still debated remains the question of how historically important management practices such as coppicing may have altered nutrient cycling and soil conditions (Buckley, 1992; Hédl and Rejšek, 2007; Hölscher et al., 2001; Šrámek et al., 2015) . Finally, canopy composition, through its effects on light transmittance, the water balance, and nutrient availability through the leaf litter, can strongly affect soil conditions (Cools et al., 2014; Prescott and Vesterdal, 2013; Van Nevel et al., 2014; Vesterdal and Raulund-Rasmussen, 1998; Vesterdal et al., 2008) . It can influence nutrient cycling and thus soil conditions directly through for example the variation in chemical composition of the litter (Bauters et al., 2017; or indirectly through for example effects on the size and composition of soil macro-and micro-fauna communities (e.g. earthworms : De Wandeler et al., 2018; Schelfhout et al., 2017) .
These different factors alter soil conditions simultaneously, leading to the potential for interactive effects. For instance, Hédl et al. (2011) found that acidification effects attributed to atmospheric deposition varied depending on the canopy composition and altitude in a Czech mountain forest. Furthermore, some of these soil-forming factors are not independent from each other, hampering a correct assessment of their relative importance without potential confounding effects (Jenny, 1941) . For instance, canopy composition does not unidirectionally affect topsoil conditions through litter quality or soil community effects, but is in itself determined by an interplay of other factors such as the parent material or climate (i.e. autecology of tree species), or man (i.e. forest managers can favor or disfavor certain species) (Dijkstra et al., 2003; Finzi et al., 1998; McGrath et al., 2015; van Breemen et al., 1997) . Also, land-use legacies can not only affect soil conditions directly through e.g. ploughing/fertilization during agricultural use (Brasseur et al., 2018; McLauchlan, 2006) , but indirect effects can occur through influencing climate (Lejeune et al., 2018; Pielke et al., 2002) or atmospheric deposition levels which in turn affect soil conditions (Foster et al., 2003) .
If we want to be able to advise forest managers or policy makers correctly regarding how to maintain healthy and productive forests under global environmental change, and/or to achieve a desired state of soil fertility, we need to improve our understanding of the relative importance of these different factors on forest soils. Some studies have already taken into account multiple drivers to evaluate the combined effects of these factors on topsoil conditions (Augusto et al., 2002; Cools et al., 2014; Cornwell et al., 2008; De Schrijver et al., 2012; Thiffault et al., 2011) . However, only a few of these studies covered large geographical areas, e.g. (sub)continental, and at the same time many of them comprise experimental or meta-analysis studies and hence do not directly, and comparatively, measure in situ soil conditions.
In this study, we aim to address this knowledge gap by evaluating, in situ, the relative importance of atmospheric deposition, past land cover, (past) forest management, and canopy composition on fundamental physicochemical topsoil properties in temperate deciduous forests across Europe. The investigated topsoil properties reflect resources and conditions that determine plant growth (e.g. Olsen phosphorus) and nutrient cycling processes (e.g. C/N-ratio). To achieve our aim, we took topsoil samples in 190 forest plots across gradients of litter quality and nitrogen deposition, and for different categories of land-use history, i.e. both past land cover and past forest management such that we maximized differences in deposition between regions, while maximizing differences in land-use history within regions. Sampling 'across' these different gradients allows to evaluate the relative importance of, and several interactions, among these different factors through an orthogonal design .
Specifically, we wanted to assess here the effects and relative importance of different active (or dynamic) soil-forming factors that are important within temperate European forest soils. We chose to investigate deposition, land-use history, and litter quality because these factors are related to human activities and might thus be influenced by humans in the future. In particular, litter quality is determined by the occurring tree and shrub species . For example, canopy composition can be an active choice of forest managers, and thus could be used to mitigate undesired changes in soil conditions caused by broad-scale environmental changes. We also tested the potential interaction between litter quality and soil type since previous studies have shown that the soils' parent material must be considered in determining tree species effects on topsoil conditions (Dijkstra et al., 2003) . Overall, our study aims to further understanding of which active factors drive topsoil conditions in temperate deciduous forests, and better inform forest managers or policy makers on how tree species choice might affect these conditions in changing environments.
Material and methods

Study regions
We selected 19 regions along a spatial environmental gradient of atmospheric deposition and climatic conditions (temperature, precipitation) within the European temperate forest biome (Fig. 1 , Table 1 ). This selection maximized differences in deposition, while including temperature and precipitation gradients in our procedure minimized potential biases between deposition and climate (e.g. all higher deposition regions being warmer). Mean annual temperature (MAT), total annual precipitation (TAP), and nitrogen deposition (Ndep) at the study regions ranged from 6.1 to 11.9°C, from 526 to 1586 mm yr −1 , and from 7 to 30 kg ha −1 yr −1 respectively ( Fig. 1 , Table A1 ) by sampling in ancient vs. recent forest plots (i.e. past land cover), and in plots with different management histories (i.e. past forest management). We classified ancient forest (AF) plots here as plots that have been continuously forested since at least 1850, whereas recent forest (RF) plots have been (re)forested after 1850. We tried to minimize differences in parent material and topography (relief, elevation) between plots and regions. However, because the plots were selected as part of a vegetation resurvey project (ERC-project PASTFORWARD, http://www.pastforward.ugent.be/), ultimately there was quite some variation in parent material, hereafter referred to as "soil type". Furthermore, the presence of a prior understorey vegetation survey, and the availability of information on land-use history for the study regions were two additional important criteria to take into account during site selection, so that ultimately our selected regions were a trade-off between data availability and environmental gradient coverage. All forest regions comprised closed-canopy forests with a variable tree and shrub layer composition, but we focused on plots predominantly composed of broadleaved species that were representative for European deciduous forests encompassed by the investigated environmental gradients (see San-Miguel-Ayanz et al., 2016 Fig. 2 ) was unavoidable.
Data collection
In each region, we selected ten 400 m 2 forest plots (except for 8 plots in Moricsala, 9 plots in Binnen-Vlaanderen, and 15 plots in Białowieża). Each 400 m 2 plot contained a nested 100 m 2 plot. In this smaller plot, we sampled the mineral topsoil (0-20 cm) and organic forest floor layer. In the larger plot, we measured the diameter-atbreast-height (DBH) and recorded the individuals of all tree and shrub species within the plot with DBH > 7.5 cm. Mineral soil samples for chemical analyses were collected at two intervals (0-10, and 10-20 cm depth) as mixed-soil samples from five locations in each smaller plot (four corners + center) after removing the organic litter (OL), fragmentation (OF), and humus (OH) layers. We also collected a soil sample of the 0-10 cm interval with Kopecky rings at the center of each plot to determine the whole-soil bulk density. To characterize the forest floor, we sampled the organic layer (OL + OF + OH) with a 20 × 20 cm wooden frame at two locations along a plot diagonal. After drying the samples for 24 h at 65°C, we recorded the dry weight of the organic layer as the litter mass (g).
Soil analysis
The mineral topsoil samples (0-10, 10-20 cm) were sieved with a 2 mm sieve and dried at 40°C for 24 h before analyzing (i) the 0-10 cm samples for pH KCl , proportion of exchangeable base cations (EBC), total and Olsen phosphorus concentration (TotP, OlsenP -mg/kg), organic and inorganic carbon and total nitrogen concentration (C, N -%), and soil organic matter (SOM -%), and ii) the 10-20 cm samples for soil texture (% Clay, % Silt, % Sand (Cools and De Vos, 2010) . All P-concentrations were measured colorimetrically according to the malachite green procedure (Lajtha et al., 1999) . Total P was extracted after complete destruction of the soil samples with HClO 4 (65%), HNO 3 (70%) and H 2 SO 4 (98%) in teflon bombs for 4 h at 150°C. Bioavailable or Olsen P, which is available for plants within one growing season (Gilbert et al., 2009) , was extracted in NaHCO 3 (POlsen; according to ISO 195 11263:1994(E) ). Total C (%) and N (%) concentration was quantified by combusting samples at 1200°C which releases all C and N and then measuring the combustion gases for thermal conductivity in a CNS elemental analyser (vario Macro Cube, Elementar, Germany). Next, 1g of dry soil was ashed for 4 h at 450°C by gradually increasing temperature, which removes the organic C and leaves only inorganic (mineral) C in the ashes (i.e. dry ashing procedure -cfr. Wäldchen et al., 2013) . Inorganic C concentration (%) was then measured using the CNS elemental analyser as above for total C and N, and organic C (%) was calculated by subtracting inorganic C from total C (cfr. Table 1 .
Table 1
Location Two Prignitz plots were excluded from the analyses due to very high organic matter content suggesting organic rather than mineral soils.
S.L. Maes et al. Forest Ecology and Management 433 (2019) 405-418 Wäldchen et al., 2013) . This organic C metric was used to calculate the C/N-ratio by taking the ratio of organic C to total N (Cools and De Vos, 2010) . Also from the dry ashing procedure, the mass of organic matter (Mo) was calculated as the difference between the dry soil mass (Md) and the ashed soil mass (Ma), which gives us soil organic matter (SOM) as (Mo/Md)*100 (Cools and De Vos, 2010) . Soil texture (% Clay or 0.4-6 µm, % Silt or 6-63 µm, and % Sand or 63 µm-2 mm) was analysed with laser diffraction (Coulter Laser LS 13 320 (SIP-050D2) with auto-sampler (Beckman Coulter, 2011)) after removal of organic material with H 2 O 2 (28.5%) and dispersing the sample with Sodium polyphosphate (6%). Sample preparation followed standard ISO procedure 11,277 (2002) , and laser measurements ISO 13,320 (2009) . This method allows large numbers of samples to be measured in a feasible amount of time, but we should keep in mind that it may cause a measurement bias, such as an underestimation of the fine fractions compared with other methods e.g. standard pipette method (Buurman et al., 2001; Taubner et al., 2009) .
The Kopecky samples were dried at 105°C for 24 h, after which we calculated the whole-soil bulk density (BD -g/cm 3 ) as the weight of dry soil divided by the total soil volume of the Kopecky rings with a 5 cm radius and 10 cm height. We did not exclude > 2 mm fractions (e.g. small stones), in order to collect samples that were representative for the specific soil and consistently collected across all our study sites. We should keep in mind that this "whole-earth bulk density" can deviate from the "fine-earth" bulk density (Baetens et al., 2009; Cools and De Vos, 2010; Vincent and Chadwick, 1994) .
Litter quality
We calculated a plot-scale average litter quality score (LQ) as the weighted average (by basal area) of ordinal litter quality indices of individual canopy species (with DBH > 7.5 cm) present within the plot, originally determined by Hermy (1985) (original notation: "STR"). This index was calculated for important tree/shrub species across Flemish forests. The LQ score approximates the rate of leaf litter decomposition for different species (Hermy, 1985) . We used the individual scores from studies that built further upon this original ordinal scoring, depending on the species occurrence within each of the literature sources (i.e. Baeten et al., 2009; Hermy, 1985; Van Calster et al., 2008; Verheyen et al., 2012 -details see Table A3 ). The LQ scores range between 1 (very low) and 5 (very high decomposition rate), and the median and mean plot LQ scores were 1.8 and 2.2. See Fig. 3 for a summary of the occurring tree/shrub genera with their LQ scores in the dataset. Note that we did not include tree species diversity as a predictor here, because our design did not allow to disentangle tree identity from diversity effects (e.g. FunDivEurope platform: Baeten et al. (2013) , Dawud et al. (2017) , and Joly et al. (2017)), and we were not interested in the (direct) effects of tree species diversity on topsoil conditions, but on the effects that the canopy layer can have through the litter quality.
Atmospheric deposition
We tried to disentangle potentially eutrophying from acidifying effects of increased deposition by including atmospheric nitrogen deposition (Ndep, kg ha −1 yr −1 ) in the year 2000 as a measure of eutrophication (Table 1) , and acidification rate in the year 2000 (AcidRate, keq ha −1 yr −1
) as a measure of acidification (Table A4) . Therefore, we extracted total nitrogen deposition (NH 3 + NO x ) and sulphur deposition (SO x Because we define a region as a large-scale area with homogeneous macroclimatic conditions (i.e. climate and deposition), we extracted deposition and acidification values at the plot level, and used the mean of all plots for each region. The critical load of deposition in temperate forests above which nitrogen saturation generally occurs is thought to be 18 kg ha −1 yr −1 (Bobbink et al., 2017 ) (Aber, 1992 ; Fig. 1 , Table 1 ). We used Ndep and AcidRate from the year 2000 as a proxy for cumulative amounts of deposition and acidification, which may influence topsoil conditions. Cumulative deposition values would have been based on backcasting from deposition patterns for the year 2000 (as in Duprè et al. 2010) , and thus highly correlated with the 2000 values, leading to high similarity in model results (Henrys et al., 2011) . To minimize the number of assumptions in our analysis, we used 2000 values rather than estimated cumulative deposition. Finally, it should be noted that deposition data provided by a) b ) Fig. 2 . Distribution of the plots used for the analysis of past land cover (a), and for the analysis of coppice history (b, only ancient plots). Each pie chart visualizes a) the proportion of ancient forest (AF: green) vs. recent forest plots with past arable land use (RF-Arable: red) vs. recent plots with past heathland/ grassland as past land use (RF-Grass: brown) per region, or b) the formerly coppiced (orange) vs. non-coppiced (purple) forest plots. The Region code and total number of plots used per region is indicated next to the pie charts. Region codes: see Table 1 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) EMEP represents open-field deposition, whereas deposition on forests, above and below the canopy, can differ as a result of canopy exchange processes (Kahle et al., 2008; Lövblad et al., 1995) . However, several studies comparing modelled deposition values of sulphur and nitrogen with observed values in European forests generally conclude that the EMEP model performs rather well in reproducing patterns of sulphur and nitrogen deposition across regions to European forests (Simpson et al., 2006; van Dobben and de Vries, 2017 ).
Land-use history reconstruction
We reconstructed the land-use history of each plot between 1850 and 2015 in a standardized way based on a combination of expert knowledge of our local contact person in each region, a thorough search of site-specific maps and literature (e.g. management plans), and oral interviews. We tried to maximize differences both in past land cover, as well as in past forest management within the regions. Because of other plot criteria that had to be fulfilled in the PASTFORWARD project (e.g. presence of a prior vegetation survey), it was not always possible to find a perfectly even distribution of land-use categories within each region.
For the difference in past land cover, we distinguished between 'ancient forest (AF) plots' (sample size = 135), i.e. plots that have been continuously forested since at least 1850, vs. 'recent forest (RF) plots' (sample size = 57), i.e. plots that were (re)forested after around 1850 (i.e. majority reforested after 1850, with several 'recent forest plots' that were (re)forested between 1800 and 1850 - Table A1 ). For the recent forest plots, the previous land cover categories were heathland (3), grassland (23), and arable land (31). The recent forest plots transitioned into forest between 1810 and 1970 (heathland plots: 1810-1900; grassland plots: 1860-1912; arable plots: 1820-1970 , Table A1 ). Assuming that the past land cover of the recent forest plots may have influenced current soil conditions differently, we distinguished between the 31 post-arable recent forest plots on the one hand, and the 23 post-grassland + 3 post-heathland plots on the other hand. We assumed that nutrient-enrichment practices such as fertilization and liming and soil disturbance practices in the form of soil tilling or ploughing likely took place in the post-arable plots, which may severely alter soil fertility and microbial communities (Buckley and Schmidt, 2001; Fichtner et al., 2014; Matson et al., 1997) . We grouped the post-grassland and heathland plots, assuming that no such practices occurred in these plots during the grassland/heathland period. Rather, more nutrient-depleting management practices typically occur on pastured grassland (e.g. grazing) or on heathland sites (e.g. sodcutting), such that physicochemical conditions in post grass-or heathland forest soils can be differently affected than in post-arable forest soils (e.g. Holmes and Matlack, 2017) . Thus, for the analysis of past land cover, we ended up with three categories: ancient forest (AF), recent post-arable plots (RF-Arable), and recent post-grassland/heathland plots (RF-Grass) (Fig. 2a) . In addition, the past forest management histories between 1850 and 2015 comprised three management types: Coppice or Coppice-With-Standards -C(WS), High Forest -HF, and Zero Management -ZM. We classified the plots as belonging to one of seven management histories: C(WS) throughout, HF throughout, ZM throughout, C(WS) to HF, C(WS) to ZM, HF to ZM, and C(WS) to HF to ZM (Details : Table A1 ) (see Perring et al., 2018 ). Because we hypothesize that coppicing in the past may have influenced current soil conditions, we also derived a categorical variable 'Coppice History' to characterize the management histories of our plots as either 0 or 1, i.e. respectively no coppicing vs. coppicing between 1850 and 2015 (Fig. 2b, Table A1 ). For the analysis of coppice history, we only included ancient forest plots since coppiced plots were only found in ancient forest. Note that none of the plots is currently undergoing coppice management, but coppiced plots were denoted as such if coppicing had occurred at some point in their recorded land-use history.
Data analysis
Cluster analysis
To take into account the potentially confounding effects of the parent material on topsoil conditions, we clustered our plots in three "soil type" groups based on soil texture (% Clay, % Silt, % Sand), and carbonate or inorganic carbon concentration (%) using the hclust function in R (stats package, ward.D method, Euclidian distances, R Core Team, 2017; Fig. A1 ). All cluster variables required a transformation to achieve normality of their distribution: inorganic C (log), % Clay (sqrt), % Silt (sqrt), % Sand (log). The three resulting clusters from this analysis were used as a categorical variable Soil type in the statistical analyses, referring to them as 'ClayCarbonate', 'ClayNoCarbonate', and 'Sand' soils hereafter. We performed two principal component analyses (PCA) on these clusters to allow for an ecological interpretation: (i) on the abovementioned cluster variables (Fig. A2a) , and (ii) on the other available soil variables (Fig. A2b) .
The first PCA shows that the ClayCarbonate soils (22 plots) represent silty-clay-carbonate soils with high inorganic carbon concentration, whereas the ClayNoCarbonate soils (82 plots) represent silty-clay soils without the presence of carbonates (low inorganic carbon concentration), and the Sand soils (88 plots) represent sandy soils with a low inorganic carbon concentration (Fig. A2a) . The second PCA shows the Fig. 3 . Litter quality scores (1-5) per tree/shrub genus that occurred within our plots, reflecting a gradient of low (lower LQ score) to high (higher LQ score) decomposition rate. If only one species of a genus occurred within the dataset, the value represents the LQ score for that species. See appendix Table A3 for individual species names, scores and literature references, and Table 1 for a summary of the plot average LQ scores per region.
alignment of the ClayCarbonate soils with a high proportion of exchangeable base cations and pH KCl , but low C/N-ratio and litter mass (i.e. a faster mineralization), confirming the calcareous and richer properties of this group. The PCA also confirms the poorer, sandy properties of the Sand soils, since these align with higher bulk density, C/N-ratios and litter mass reflecting higher acidity and lower nutrient concentration. The ClayNoCarbonate soils adopt an intermediate position in soil properties (Fig. A2b) .
Response and predictor variables
We evaluated the following physicochemical response variables that characterize topsoil conditions: bulk density (BD), proportion of exchangeable base cations (EBC), organic carbon/nitrogen-ratio (C/N), litter mass, bio-available phosphorus (OlsenP), total phosphorus (TotP), pH KCl and soil organic matter (SOM) (mean values see Table A2 ). As predictor variables, we included the plot-scale litter quality score (LQ) to reflect how tree species composition may influence topsoil conditions through their litter quality. Furthermore, we included either Ndep or Table 2 Effect sizes and directions of the main and interactive effects in the average models for the soil response variables (top row) in the ancient-recent forest dataset (a, 190 plots) and coppice history dataset (b, 135 plots). The last four rows in a) and b) provide information on the selected models that make up the average model: the maximum R 2 explained with the models by fixed factors only (R 2 m ), and by fixed and random factors (R 2 c), the relative weight of the "best-ranked" model based on the AICcutoff of 3 (max weight), and the number of models included. The response variables BD, EBC, C/N, litter mass, OlsenP, TotP, and SOM respectively refer to bulk density, proportion of exchangeable base cations, carbon/nitrogen ratio, litter mass, bioavailable Olsen phosphorus, total phosphorus, and soil organic matter. The predictor variables (first column) LQ, Ndep, SoilType [ClayNoCarb] , SoilType [Sand] , AFRF [RF-Grass] , and AFRF [RF-Arable] refer to the litter quality score, nitrogen deposition, clayey soils without carbonate, sandy soils, recent post-grassland/heathland forest plots and post-arable forest plots respectively. ↑ or ↓ is used to indicate whether the response variable increases or decreases with an increasing predictor. Effect sizes are in bold if the 95% confidence intervals do not include zero, and these are discussed in the manuscript.
AcidRate as predictors reflecting potential eutrophication and acidification respectively. To assess the influence of the past land cover, we used a plot categorical variable with three levels indicating whether it was an ancient forest plot (AF), a recent post-arable forest plot (RFArable) or a recent post-grassland or heathland plot (RF-Grass). To assess the influence of the past forest management, or more specifically the coppice history, we used a plot categorical variable with two levels indicating whether the plot had been coppiced between 1850 and 2015 (1) or not (0). Lastly, we included the categorical variable Soil type with three levels (see Cluster analysis).
Modelling
Several response variables required a transformation prior to the analysis to achieve a normal distribution: litter mass (sqrt), OlsenP (log), TotP (sqrt), EBC (asin(sqrt)). We checked for potential confounding and collinearity issues between the predictor variables by means of boxplots and correlograms. Nitrogen deposition and acidification rate were highly correlated, therefore separate models were built using one or the other. Litter quality and soil type were also slightly confounded, with higher litter quality values for the plots with clay-carbonate soils (mean = 2.9, median = 2.7) than for the plots with sandy soils or clayno-carbonate soils (in both cases, mean = 2.1, median = 1.7). We excluded two post-grassland plots (RF-: PR196, PR197, Table A1 ) because they were outliers with regard to soil organic matter (79% and 72% compared to a mean 13% organic matter), suggesting that these plots had peat/fen (organic) rather than mineral soils. For the analysis of past land cover, we compared the ancient forest plots with the two groups of recent forest plots (i.e. RF-Arable and RF-Grass). Since for the analysis of coppice history only ancient forest plots were included, we investigated the effects of past land cover and past forest management separately. Ultimately, in both datasets, we had an adequate balance of the remaining plot groups across the three soil types, although overall we had more ancient than recent plots available (Fig. A3) . Finally, all continuous predictors were standardized (scaled and centered) prior to analysis to enable comparison of their effect sizes.
We built four models to assess our research questions. Model 1 considered the effects of the past land cover (AFRF: AF/RF-Arable/RFGrass) of the plots, whereas model 2 considered the effects of the past forest management, i.e. coppice history (CoppHist: 0/1) of the (ancient forest) plots. Both models were then built with either nitrogen deposition or acidification included in the model. Because the results of the acidification models largely overlap with the results of the nitrogen deposition models, we report them in the Supporting information (Table A5) , and only highlight new results compared to the deposition models in the main text.
For each of the four models, we built a global model including three predictors -i.e. the three soil-forming factors of interest: LQ, Ndep/ AcidRate, and AFRF/CoppHist. We included the interactions LQ x Ndep/ AcidRate, LQ x AFRF/CoppHist, to test whether the litter quality effect on topsoil conditions depended on the regional deposition/acidification load, or on the existing land-use legacies of a former land cover (AFRF) or management type (CoppHist). We included the additional predictor Soil type because we expected it to influence topsoil conditions. Although some soil types had a slightly higher mean LQ than others, we also tested whether there was any evidence for the effect size of LQ depending on soil type by fitting the interaction term LQ x SoilType. We did not include the interaction Ndep x AFRF/CoppHist because of inadequate gradients of deposition in the separate past land cover and coppice history categories.
We adopted an AIC-based multi-model inference approach to evaluate these effects for the soil responses. We weighted and ranked all possible models based on a small-sample information criterion (AICc), and derived 'full' average parameter estimates and 95% confidence intervals ('zero-method' sensu Grueber et al., 2011) based on a reduced set of models with good empirical support (ΔAICc ≤ 3 from lowest AICc model; (Burnham and Anderson, 2002) . Models were run using the MuMIn package in R (Barton, 2017) . To take into account the hierarchical structure of our data (plots within regions), we included the random intercept Region in the models.
We focused on the average model results rather than a selection of the 'best-ranked models' because we were interested to see the relative importance of the effects, and did not want to exclude small, yet important effects (Burnham and Anderson, 2002) . We discuss an effect if zero was not included in the 95% CI of its parameter estimate (Burnham and Anderson, 2002) . We evaluated the global and selected models' performance graphically by looking at plots of the residuals vs. fitted values, and of the fitted vs. observed values (i.e. 'goodness of fit'). We also calculated the marginal and conditional R 2 (proportion of variance explained by fixed factors -R 2 m , and by both fixed and random factors -R 2 c ) of the global and selected models following Nakagawa and Schielzeth (2013) . All statistical analyses were performed in R (version 3.3.3: R Core Team, 2017) with the packages 'stats', 'MuMIn, 'nlme', and 'ggplot2' (Barton, 2017; Pinheiro et al., 2016; Wickham, 2009 ).
Results
We did not find any evidence that the regional variables, i.e. N deposition or acidification rate, influenced topsoil conditions in our plots, either as a main effect or via an interaction with litter quality (Table 2, Table A5 ). We did find effects of the plot-specific variables, i.e. litter quality and land-use history, as well as soil type, on topsoil conditions, with evidence of an interaction between litter quality and land-use history for topsoil phosphorus concentration. The R 2 values (R 2 m up to 73%) suggested that much of the variation in response variables could be explained by the predictors. However, variation explained for Olsen P (R 2 m = 0.01%) in the past forest management dataset was low (Table 2) .
Litter quality affected several of the topsoil conditions in our plots: proportion of exchangeable base cations and total phosphorus increased with an increasing plot litter quality score, whereas the litter mass and the C/N-ratio decreased with an increasing litter quality score (Table 2 , Fig. 4a-d) .
When analyzing the effects of past land cover, the post-arable plots had higher bioavailable (Olsen) phosphorus concentration compared to ancient forest plots or post-grassland/heathland plots (Table 2a , Fig.  A4a ). Finally, bulk density, C/N-ratio, total phosphorus, pH KCl , and soil organic matter differed between the soil type groups in both datasets (Table 2a-b, Fig. A4b ). Namely, bulk density and C/N-ratios increased, while total phosphorus, pH KCl and soil organic matter decreased from the richer clay-carbonate soils to the intermediate clay-no-carbonate soils to the poorer sandy soils (Table 2a-b, Fig. A4b) .
When assessing the relative importance of the different predictors for the topsoil conditions by comparing effect sizes, litter quality showed the largest effect sizes relative to the other factors for proportion of exchangeable base cations, litter mass, and large effect sizes relative to the other factors excluding soil type for bulk density, C/ N-ratio, total phosphorus and pH KCl (Table 2a) . Past land cover, or more specifically the contrast between post-arable vs. ancient forest plots, was most important for Olsen phosphorus (Table 2a) . At the same time, past land cover also seemed relatively important for C/N-ratio, total phosphorus, and soil organic matter. Coppice history, although it did not significantly affect any of the topsoil conditions, did seem important for litter mass, Olsen and total phosphorus, and soil organic matter (Table 2b -large effect sizes compared to other predictors). Soil type was an important predictor for several of the topsoil conditions (Table 2) . Finally, although no clear effects were detected (i.e. confidence intervals included zero for all response variables), nitrogen deposition did seem relatively important (compared to other predictors) for C/N-ratio, pH KCl and soil organic matter (Table 2) .
Besides main effects, we observed two interactions between litter quality and past land cover for both Olsen as well as total phosphorus concentration in the topsoil (Table 2a : LQ:AFRF). Namely, litter quality affected phosphorus content differently in ancient (no strong trend) vs. post-grassland/heathland plots (increase) vs. post-arable plots (no strong trend/decrease) ( Table 2 , Fig. A5 ). We did not find interactions between litter quality and any of the other factors (i.e. past forest management, nitrogen deposition/acidification rate, soil type). However, although a "significant" interaction between litter quality and soil type was not observed, we did additionally test and visualize main effects of litter quality for EBC for each of the three soil types separately, because Fig. 4a suggested a differential response of the clay-carbonate soils to litter quality than the clay-no-carbonate or sandy soils.
Discussion
Driving variables of topsoil conditions
Litter quality
Out of the potential variables affecting topsoil conditions across European temperate forests investigated here, litter quality was a key explanatory variable for several soil conditions (Table 2 , Fig. 4 ). The proportion of exchangeable base cations, and total phosphorus concentration were higher, while C/N-ratios were lower in the mineral topsoil of plots with higher litter quality. At the same time, plots with higher litter quality also had less organic material built-up on their forest floor (lower litter mass). Taken together, these findings suggest that mineralization and nutrient cycling processes were faster in plots with higher litter quality originating from the canopy. Even when litter quality was not a "significant" predictor (i.e. confidence intervals included zero), e.g. for bulk density, Olsen phosphorus, pH KCl , and soil organic matter, it still affected these conditions to a similar, or larger extent than the past land cover or N deposition/acidification rate. This dominant effect of the litter quality on topsoil conditions supports many other studies that show that tree species, through the chemical composition of the litter, can exert a large influence on the humus layer and its biological activity, as well as on the mineral soil (Augusto et al., 2003; Cools et al., 2014; De Wandeler et al., 2018; Langenbruch et al., 2012; Leuschner and Ellenberg, 2017; Macdonald et al., 2012; Vesterdal and Raulund-Rasmussen, 1998; Vesterdal et al., 2008) . Litter decomposition rates, as well as the microbial community structure and abundance that performs the decomposition process, are mainly controlled by the concentration of easily degradable organic compounds in the litter, and its nitrogen concentration (with high lignin and low N litter decomposing more slowly) (Aubert, Bureau, and Vinceslas-Akpa, 2005; Cornwell et al., 2008; Djukic et al., 2018; Leuschner and Ellenberg, 2017; Ponge, 1999) .
Importantly however, the current canopy composition is in the first place already determined by an interplay of other factors such as the parent material's influence on soil type, or tree species choice by forest managers (Dijkstra et al., 2003; Finzi et al., 1998; McGrath et al., 2015;  S.L. Maes et al. Forest Ecology and Management 433 (2019) [405] [406] [407] [408] [409] [410] [411] [412] [413] [414] [415] [416] [417] [418] van Breemen et al., 1997) . Previous studies have stressed the need to differentiate between possible (confounding) effects of litter quality and parent material in studies investigating topsoil properties (e.g. Langenbruch et al., 2012; Prévosto et al., 2004) . Indeed, plots on claycarbonate soils had a median LQ value one unit higher (LQ = 2.7) than those on other soil types (LQ = 1.7), suggesting that parent material (co)-determined canopy composition to some extent in the investigated plots. Nevertheless, we found a similar range of LQ in the different soil types, and we found an overruling main effect of litter quality on topsoil conditions across the different contexts and interdependencies. Furthermore, we did not detect any interactions between litter quality and deposition or soil type here. This suggests that the litter quality effects on topsoil were independent of the context of regional deposition, and of the soil type, at least within the gradients covered here (cfr. Cools et al., 2014; Gurmesa et al., 2013) . In contrast, we did find an interaction between past land cover and litter quality on bio-available (or "Olsen") and total phosphorus concentration, suggesting that the context shaped by previous land use can alter tree species effects on topsoil conditions, as shown here for phosphorus levels. Finding this effect for phosphorus is not surprising, since P legacies are generally the most persistent land-use effects observed in current forest soils (see also 4.1.2.; Dupouey et al., 2002; Grossmann and Mladenoff, 2008; McLauchlan, 2006) .
These litter quality results agree with other studies that demonstrate the key role that litter quality has for decomposition processes that ultimately determine many of the topsoil conditions in forests (Cools et al., 2014; Djukic et al., 2018; Schelfhout et al., 2017 (Bray and Gorham, 1964; Liu et al., 2004; Neumann et al., 2018) . This litterfall nutrient input is equivalent to applying about 80 kg of NPK fertilizer with 16% N, 4% P, and 8% K per hectare each year (Neumann et al., 2018) . From this, it is not surprising that these "natural" nutrient cycling and decomposition processes driven by litter with different characteristics might have a greater impact on topsoil conditions than other variables that can influence the topsoil (e.g. nitrogen deposition or land-use history) (Neumann et al., 2018) .
Land-use history
In terms of past land cover, post-arable plots had higher bioavailable phosphorus concentration compared to ancient forest plots (Table 2 , Fig. A4a) . Furthermore, although non-significant, we noticed that the topsoil of post-arable plots showed lower C/N-ratios and soil organic matter. This is in agreement with many other studies demonstrating similar long-term soil legacies in post-agricultural forests (Compton et al., 1998; Foote and Grogan, 2010; Jussy et al., 2002; Mausolf et al., 2018; Prévosto et al., 2004; Verheyen et al., 1999; Yesilonis, Szlavecz et al., 2016) . The elevated bio-available phosphorus levels in post-agricultural forest soils are likely due to organic amendments in the form of manure or other fertilizers that can lead to longlasting P enrichment (Compton and Boone, 2000; Dupouey et al., 2002; Koerner et al., 1997) . Lower C/N-ratios in post-arable plots probably result from simultaneous cultivation of crops (i.e. organic C and N removal) and increased nitrification potentially triggered by deforestation, tillage, and N fertilization during agricultural land use (Compton and Boone, 2000; Jussy et al., 2002) . Regarding the past forest management, we did not find clear differences in topsoil conditions between plots that have a history of coppicing between 1850 and 2015 vs. plots that were not coppiced ( Table 2) .
The effects of coppice history on topsoil conditions might be less pronounced than those of other explanatory variables here because coppicing took place in the past (we did not explore actively coppiced plots - Table A1 ), and forest management effects are likely more subtle than differences in land cover which usually involve much more severe soil disturbances (e.g. clearcut/ploughing). Furthermore, since the canopy composition is often a direct relict of forest management, there may be a potential confounding effect between litter quality and coppice history. Certain tree species suitable for coppicing (e.g. Quercus spp., Carpinus betulus, Fraxinus excelsior, Tilia spp., Corylus avellana - Table A3 ) might have been favored in coppiced plots, as well as other tree species (e.g. Fagus sylvatica) might have been excluded (Buckley, 1992; Müllerová et al., 2015) . Thus the effect of coppicing might be confounded by a litter quality effect from these different tree species (Hölscher et al., 2001 ). We do not think this actually applies here because (i) the current litter quality scores for plots that were coppiced in the past were only slightly higher than for those that were not coppiced (Fig. A6) , (ii) coppice history did not significantly affect litter quality (Table A6) , and (iii) we had a lot of formerly coppiced plots with Quercus in the canopy (51 of the 79 coppiced plots, mean cover 47%), a species which is on the poor side of the litter quality spectrum (Fig. 3) .
Parent material
Parent material drives topsoil conditions, which we took into account here by considering soil type as an additional predictor in our analyses. As expected, we detected several gradients in topsoil conditions between the different soil groups, i.e. increasing bulk density and C/N-ratios, and decreasing total phosphorus, pH, and soil organic matter contents from the richer clay-carbonate soils to the intermediate clay-no-carbonate soils to the poorer sandy soils (Table 2a-b, Fig. A4b ). Since we did not detect interactive effects between soil type and litter quality here, this suggests that an overruling effect of litter quality, independent of the soil type, took place in our plots. Although a "significant" interaction between litter quality and soil type was not observed through our modelling approach, we did find indications that the Clay Carbonate soils responded differently to litter quality than the Clay No Carbonate / Sandy soils (see Fig. A7 ).
Deposition
We had expected to find eutrophication or acidification effects from increased nitrogen deposition on European topsoil conditions (Brumme et al., 2009; Hédl and Rejšek, 2007; Jandl et al., 2012) . However, nitrogen deposition and acidification rates did not explain any of the topsoil conditions in our plots, although they did appear in all the models, with a low importance compared to other predictors. Other studies also found that nitrogen deposition was not a strong driver of topsoil conditions when compared to other explanatory variables (Cools et al., 2014; Watmough, 2010) . Furthermore, nitrogen deposition effects vary greatly between studies due to context-dependencies (Bertills and Näsholm, 2000) . Thus, since Ndep and AcidRate remained in all models, even while not significantly explaining topsoil conditions, they should not be ignored as a potential driver of soil changes. Rather, further studies should aim to clarify under which contexts increased deposition has the potential to alter certain soil conditions through eutrophication or acidification effects. We should also consider the possibility that the lack of (direct) effects from deposition here might be because the regional EMEP deposition values that we used deviate from actual local nitrogen input to the forest plots because of (i) canopy exchange processes (compared to the open-field estimates that EMEP provides), as well as (ii) smaller-scale plot variability due to specific stand properties such as stand height, distance to forest edge and/or to local N-emission sources. Finally, we should consider that N deposition might have had an indirect effect on topsoil conditions through influencing the canopy composition hence the litter quality score over time (Suding et al., 2008) . However, we cannot investigate such changes over time here, as our dataset represents a snapshot of the plot conditions.
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Relevance for forest management
Litter quality determined by the canopy composition was an important driver of topsoil conditions, and seemed to affect the topsoil in our mixed deciduous forest plots consistently across different contexts of nitrogen deposition, land-use history and soil type. This reconfirms the idea that forest managers -wanting to maintain, ameliorate, or restore topsoil conditions on existing or degraded forest sites -could actively influence the canopy composition so as to achieve their desired state of soil fertility/productivity (e.g. improving pH and buffer capacity, increase mineralization rates and nutrient cycling; Aubert et al., 2004; Aubert et al., 2006; Katzur and Haubold-Rosar, 1996; Vesterdal and Raulund-Rasmussen, 1998) . Our plots covered a gradient of litter quality originating from the different mixtures of tree and shrub species in the canopy, each with individual litter characteristics and reflective of nutrient cycling traits and thus decomposition rates (Table 1, Fig. 3 , Table A3 ). These litter quality scores differed between the broadleaved tree species and the conifers (e.g. Fig. 3 : poor-litter Picea vs. richer-litter Acer), but also within the broadleaved species (e.g. poor-litter Fagus vs. richer-litter Acer). Forest managers working in temperate forests should thus consider these differences in litter quality and decomposition rates during the process of selecting appropriate tree species to plant or favor in their forests when their aim is e.g. to ameliorate soil productivity. If their aim is rather to maintain or achieve for instance understorey species diversity, and soil fertility improvements could hamper this, they should also consider canopy choice, but perhaps in the opposite direction (e.g. by avoiding tree species with richer litter).
However, soil type and potential land-use legacies should also be taken into account in management plans as these factors may interfere with litter quality effects. Even though there was no interaction between soil type and litter quality (i.e. the same effect of litter quality regardless of soil type), it is likely that some soil types have inherently low nutrient conditions. The three soil types still showed strong gradients in several topsoil conditions (pH, total P, C/N: Table A2 , Fig.  A4b ) despite being chosen to reflect mesotrophic conditions. Litter quality effects in soils with lower nutrient conditions than those investigated here may differ from our findings. Other authors have already put forward that a litter quality effect may only be "successful" in improving soil fertility within a range of "intermediate" (moderately poor) sites (Prescott and Vesterdal, 2013; Van Nevel et al., 2014) . Our poorest soil type group, i.e. the sandy plots, were still relatively rich sandy soils (e.g. mean loam content of 38%), so they might still be susceptible to litter quality effects. In this regard, we should also consider that by using the laser diffraction method to determine particle size here, this may have underestimated the finer fractions (e.g. clay - Yang et al., 2015) , so that our poorest soils may have belonged to even finer standard soil texture classes than classified here. We also focused on deciduous tree species and avoided conifer stands. Further research should extend to other tree species and soil types on a European scale, to determine if in nutrient-poor (conifer) dominated forests, soils are (as) susceptible to litter quality effects. In a study in sandy podzol forest soils in north-east Belgium, for instance, nutrient-richer litter species did not significantly improve soil conditions (Van Nevel et al., 2014) . This might be due to the lack of important macrofauna such as earthworms which are of major importance for decomposition (Prescott and Vesterdal, 2013; Van Nevel et al., 2014) . Given the key role that the belowground community plays in decomposition processes (e.g. mycorrhizae -Craig et al., 2018 , soil invertebrates -Lavelle et al., 2006 , future studies should also investigate the effects of litter quality (and other driving factors) on these belowground communities, i.e. something that was not considered here. By extension, belowground effects of the canopy composition, i.e. through root input and dynamics, or microclimatic effects were not considered here, but could influence topsoil conditions as well.
Furthermore, consideration of future climate scenarios, and actual experimental tests in the field should additionally guide adaptive forest management plans since climatic changes are causing tree species to shift their distributions already. Also, decomposition rates in the field could still be influenced by other confounding factors such as litter quantity, as well as belowground decomposer community composition (Prescott et al., 2000) . Finally, in this study, we used an (approximative) litter quality score that was derived from current canopy composition, and the individual species scores were originally based on litter decomposition rates from Flemish forest sites. Actual litter quality values may differ from these scores as individual species and their litter quality may vary over space and time. Future studies should consider this and also measure litter quality in the field and/or take into account changes in canopy composition when assessing these effects. Our results add to the growing body of evidence on the importance of litter decomposition for topsoil conditions, and the fact that canopy composition is recognized as a strong driver of litter decomposition rates (Prescott and Vesterdal, 2013) . However, our understanding of the realistic potential of such strategies and experiments to promote forest floor and soil quality in a certain direction remains limited (Kooch and Bayranvand, 2017) . Amongst other things, this is likely due to the many interdependencies of different soil-forming factors, and the long-term time frame needed to evaluate such strategies in the field. In the context of adaptive forest management with regard to global environmental changes, biodiversity loss, as well as many forests worldwide being in a degraded state, we recommend that future studies should focus on further disentangling these soil-forming factors, and use observational and experimental datasets covering multiple gradients of these factors. An increased understanding of the relative importance of these factors for specific forest types, combined with actual long-term field observations will hopefully allow to build realistic strategies for keeping forest soils worldwide healthy and productive.
Conclusion
We found that litter quality was a strong driver of topsoil conditions across temperate deciduous European forests, while land-use history and nitrogen deposition or acidification rates were less important. The investigated gradient of atmospheric deposition did not affect any of the soil conditions, while the potentially confounding factor soil type, determined in part by the underlying parent material, significantly influenced topsoil conditions here. Furthermore, the observed litter quality effects were independent of the context of regional nitrogen deposition or the studied plot-level soil type. However, litter quality effects on topsoil P concentration depended on previous land cover. Overall, our results suggest that manipulation of canopy composition by planting or promoting certain tree or understory shrub species can be an important tool for forest managers in maintaining or ameliorating certain topsoil conditions, at least in temperate deciduous European forests. More generally, we have shown that topsoil sampling on a larger geographical scale, and across gradients of specific factors of interest (here litter quality, land-use history and nitrogen deposition), can help in disentangling the effects of these factors on topsoil conditions. 
